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Abstract
Microbial rhodopsins, which are photoreceptive membrane proteins consisting
of seven α-helical structural apoproteins (opsin) and a covalently attached retinal
chromophore, are one of the most frequently used optogenetic tools. Since the first
success of neuronal activation by channelrhodopsin, various microbial rhodopsins
functioning as ion channels or pumps have been applied to optogenetics. The use of
light-driven ion pumps to generate large negative membrane potentials allows the
silencing of neural activity. Although anion-conductive channelrhodopsins have
been recently discovered, light-driven outward H+-pumping rhodopsins, which can
generate a larger photoinduced current than a light-driven inward Cl-pump
halorhodopsin, must be more efficient tools for this purpose and have been often
utilized for optogenetics. There are abundant proton pumps in the microbial world,
providing numerous candidates for potential practical optogenetic instruments. In
addition, their distinctive features (that is, being accompanied by photoinduced
intracellular pH changes) could enable expansion of this technique to versatile
applications. Thus, intensive investigation of the molecular mechanisms of various
microbial H+-pumps may be useful for the exploration of more potent tools and the
creation of effectively designed mutants. In this chapter, we focus on the functional
mechanism of microbial H+-pumping rhodopsins. Further, we describe the future
prospects of these rhodopsins for optogenetic applications.
Keywords: Microbial rhodopsin, Photocycle, Proton transfer, Neural silencing,
Optical pH control
1. Introduction
Optical control of biological reactions is one of the most recently studied fields of
research because light facilitates highly spatial and temporal manipulation. In par-
ticular, optogenetics, that is, the specific and noninvasive control of biological
activities such as neural activities by light stimulus of photoreceptor proteins het-
erogeneously expressed in targeted neurons or other related cells, has a significant
impact in the field of neuroscience [1–8] and has attracted the interest of myriad
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researchers in the life sciences. Over the past 15 years since the first report on
optogenetics in 2005 [1], the development of tools for this interesting technique has
been rapidly progressing [9–14]. Recently, various types of photosensitive proteins
have been employed for optogenetics [15–17]. Nevertheless, retinal-based proteins
found in microbes (referred to as microbial rhodopsins), which were first applied to
optogenetics, are still overriding toolkits [18, 19].
Microbial rhodopsins (also termed type-I rhodopsins) are seven transmembrane
α-helical proteins that bind to the retinal chromophore, similar to animal rhodop-
sins (also termed type-II rhodopsins) [20]. A distinctive property of animal rho-
dopsins is the difference in their chromophore configurations; retinals in microbial
and animal rhodopsins adopt all-trans and 11-cis forms in the dark state, respec-
tively. In addition, by all-trans-to-13-cis isomerization of the retinal with illumina-
tion, microbial rhodopsins undergo a linear cyclic photoreaction called photocycle,
in contrast to animal rhodopsins, whose retinals are isolated from the protein
moiety during their photoreaction processes. Their functions are also different; in
addition to photo-sensing functions of animal rhodopsins, microbial rhodopsins also
act as light dependent-ion transporters that can carry various types of ions such as
H+, Na+, and Cl [21–24].
Microbial rhodopsins are classified into two categories of ion carriers. One is a
light-gated ion channel, and the other is a light-driven ion pump. The former group
includes channelrhodopsins (ChRs) [8, 25–27] and anion channelrhodopsins
(ACRs) [28–30], which are the principal tools for optogenetics. Upon illumination,
ChRs become permeable to various monovalent or divalent cations, such as H+, K+,
Na+, and Ca2+ [8, 25–27]. Therefore, in nerve cells expressing ChRs, the influx of
Na+ induced by light activation of ChRs causes depolarization in these cells, leading
to neural activation [1–8, 25–27]. Conversely, light activation of ACRs, which act as
anion-selective channels, can drive the hyperpolarization of ACR-expressing cells to
suppress neural activity [28, 31]. The ion pump group includes light-driven outward
H+- [32, 33], Na+- [34], and inward Cl-pumps [35–38]. As these proteins can
generate negative membrane potential in their incorporated cells by illumination,
they can be utilized as neural silencers similar to ACRs [39, 40]. Microbial rhodop-
sins, as ion channels or pumps, can lead to changes in membrane potential by
absorption of a photon without going through complicated reactions. This simple
light-activated machinery makes them more easily applicable to optogenetics,
together with repeatable properties through their photocycle.
Among the three types of ion-pumping rhodopsins, proton-pumping rhodopsins
have a distinct feature from the other two. Proton translocation across the cell
membrane induced by light activation of these pigments is accompanied by a
change in intracellular pH. Hence, these proteins have the potential for various
applications, for example, photoinduced pH control in cells or all sorts of organelles,
as well as their use as neural silencers. To date, genes encoding H+-pumping rho-
dopsins have been identified from the genomes of many microorganisms,
irrespective of species [41], which enables us to gain the most plentiful genetic
information from the database of the microbial rhodopsin family. Therefore, these
types of rhodopsins may be applicable for exploring better candidates for
optogenetics in various respects, such as the strength of neural inhibition, spectral
properties (maximum absorption wavelength for activation), and kinetics.
Chow et al. screened efficient neuronal silencing rhodopsins and showed that the
magnitude of photocurrents evoked by the activation of H+-pump-type rhodopsins
was on average higher than those evoked by the activation of inward Cl-pump
halorhodopsins (HRs) [39]. Moreover, the rates of activation upon light irradiation
and recovery from inactivation after light cessation tended to be faster, as observed
for archaerhodopsin-3 from Halorubrum sodomense (aR-3 or Arch), which is
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currently the most powerful H+-pumping tool for neural suppression, unlike HRs
that retain long-lasting inactive states [39]. Based on these observations, H+-pump
rhodopsins are considered more effective for the light-induced inhibition of neu-
rons. Thus, these experimental facts for the practical use of H+-pumping rhodopsins
have been steadily amassed; however, the utility of H+-pumping rhodopsins for
optogenetics has not been completely evaluated from the molecular viewpoint.
Therefore, an overview of the molecular mechanism of various H+-pumping rho-
dopsins, including newly found H+-pumps, may be useful for further development
and rational design of optogenetic instruments. Here, we describe the functional
mechanism of H+-pumping rhodopsins, particularly highlighting the aspect of pho-
tochemistry and the accompanying proton movement, with their future prospects
for optogenetic applications.
2. H+-pumping rhodopsins from various microbial species
2.1 H+-pumps in archaebacteria
Among all microbial rhodopsins, the first H+-pumping rhodopsin reported was
bacteriorhodopsin (BR), which was discovered in Halobacterium salinarum living in
salt lakes or salterns in 1971 [42]. Haloarchaea, including those described above, can
survive even in extremely salty environments with low oxygen concentrations
using BR-based phototrophy, which is accomplished by ATP synthesis driven
through a proton gradient produced with outward proton translocation across the
cell membrane. Haloarchaeal plasma membranes contain deeply purplish patches
(referred to as purple membranes), in which BR forms highly dense assemblies in
the form of a two-dimensional hexagonal lattice. The high BR expression in native
membranes, along with its highly stable property, facilitated biochemical and bio-
physical investigations of this protein by various approaches, including spectro-
scopic and structural methods [32, 33, 43–48]. Thus, BR is the most well-studied
H+-pump.
Following the discovery of BR, the second H+-pump identified was
archaerhodopsin (aR). Two homologous proteins, archaerhodopsin-1 and -2 (aR-1
and aR-2), were simultaneously identified from Halobacterium sp. aus-1 and aus-2
isolated from a lake in Western Australia by Mukohata et al. [49]. Several aR
homologous proteins, including aR-3 described above, have been discovered in
different haloarchaeal species [50–53]. In addition, Mukohata et al. successively
identified two other H+-pump-like proteins belonging to a different clade from BR
and aR: cruxrhodopsin-1 (cR-1) from Haloarcula argentinensis [54] and
deltarhodopsin-1 (dR-1) from Haloterrigena sp. arg-4 [50]. Several homologs of
these H+-pumps have also been identified in other species [55–57]. aRs, cRs, and dRs
are very similar H+-pumps to BR; however, they are classified as apparently differ-
ent tribes [50].
2.2 Eubacterial H+-pumps
The history of microbial rhodopsin research has been confined to the
archaebacterial world for about three decades since the first discovery of BR. How-
ever, since the 2000s, rapid technical advances in metagenomics have led to the
discovery of unknown microbial H+-pumping rhodopsins from various eubacteria
[58, 59]. A representative example is proteorhodopsin (PR) from marine bacteria
[60, 61].
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In 2000, PR was first identified in the genome of uncultivated marine γ-
proteobacteria, which is a member of the SAR86 clade, from a sea sample collected
from Monterey Bay in California [62]. Thus, the nomenclature of this protein, i.e.,
“proteo-,” originates from the name of the hosting bacterium. Sequencing of a
bacterial artificial chromosome vector into which a fragmented DNA extracted
from samples was cloned revealed the presence of a gene encoding rhodopsin-like
protein (EBAC31A08) [62]. Furthermore, after transformation by this gene and
successive induction of protein expression with exogenous retinal in Escherichia coli,
acidification in suspension containing these PR-expressing cells was caused by
illumination, indicating that PR can work as an outward light-driven BR-like H+-
pump in the E. coli membrane [62]. After the first discovery of PR, further surveys
demonstrated the existence of genes encoding novel PRs in not only γ-
proteobacteria but also α-proteobacteria containing ubiquitous marine clades such
as the SAR11 group [63], β-proteobacteria [64], and Flavobacteria [65, 66]. In
addition, genes encoding numerous PR variants (>several hundreds or thousands of
variants) have been identified in widespread oceans [67–72]. Nowadays, most
marine bacterioplankton living in the photic zone are assumed to hold PR genes
[41]. PR can be classified into two groups depending on their absorption maxima
(λmax): green-absorbing PR (GPR), whose λmax is approximately 525 nm, and blue-
absorbing PR (BPR) with a λmax of ca. 490 nm [67, 69, 73–75]. The difference
between these two groups is probably associated with the adaptation to the envi-
ronments that the PR-retaining bacteria inhabit; most bacteria that are distributed
at the surface of the sea and have access to available green light have GPR to obtain
energy produced effectively using this wavelength of light, while bacteria at the
depth of the sea water that exclusively have access to available blue light contain
BPR [67, 74, 75].
PR-related proteins were also discovered from non-marine bacteria present in
various environments, such as freshwater [76], high mountains [77], hot springs
[78], and permafrost [79]. For example, a PR-like protein identified from
actinobacteria living in freshwater is called actinorhodopsin (ActR) because it is
classified into a phylogenetically different clade from PR [76]. A halophilic eubac-
terium Salinibacter ruber also contains a PR-like H+-pumping protein called
xanthorhodopsin (XR) [80]. XR binds to the second chromophore, carotenoid
salinixanthin, which acts as a light-harvesting antenna, expanding the spectral
range for light activation of this protein because the energy obtained by light
absorption of salinixanthin can be transferred to the retinal to induce isomerization
[80, 81]. Another PR-like H+-pump with binding ability to salinixanthin, similar to
XR [82], was discovered from the cyanobacterium Gloeobacter violaceus and called
Gloeobacter rhodopsin (GR) [83]. Furthermore, a new type of H+-pump with a
unique feature (described later) was discovered from a nonmarine gram-positive
bacterium Exiguobacterium sibiricum present in Siberian permafrost samples, which
was named Exiguobacterium sibiricum rhodopsin (ESR) [79]. Thus, PR-like eubac-
terial H+-pumping rhodopsins have been found in various archaea and bacteria
[84, 85] and even in eukaryotic marine protists [86], which seems to have been
achieved by lateral gene transfer [84].
2.3 Two types of H+-pumps from lower eukaryotes
In 1999, the presence of a gene encoding eukaryotic microbial rhodopsin (nop-1)
was first found in the eukaryotic filamentous fungus Neurospora crassa [87]. This
rhodopsin-like protein encoded by nop-1 is called Neurospora rhodopsin (NR). The
amino acid sequence of NR contained the requisite corresponding residues for
proton pumping of BR; however, a previous photochemistry study using
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recombinant NR proteins heterogeneously expressed in the methylotrophic yeast
Pichia pastoris revealed that NR showed a slower photocycle that is close to sensor-
type rhodopsins [88]. Therefore, it is speculated that NR is physiologically associ-
ated with carotenoid biosynthesis regulation by functioning as a photosensor rather
than a H+-pump [89, 90], although its exact physiological role remains unknown.
Later, other NR-related fungal opsin genes were discovered in a different fungal
species, Leptosphaeria maculans, which is the fungal agent of blackleg in canola [91].
This opsin-coded protein is termed Leptosphaeria rhodopsin (LR or Mac). Through
its characterization using proteins prepared by heterogeneous expression in yeast
(Pichia pastoris) similar to NR, it was demonstrated that LR acts as a BR-like
outward H+-pump with a fast photocycle, unlike NR [91]. Furthermore, through
advanced genomic analyses, new fungal rhodopsins that are classified into a third
subgroup were identified. The fungal wheat pathogen Phaeosphaeria nodorum pos-
sesses two rhodopsin-like protein-encoding genes [92]. These fungal rhodopsins are
called Phaeosphaeria rhodopsin 1 (PhaeoRD1) and Phaeosphaeria rhodopsin 2
(PhaeoRD2). PhaeoRD1 is an analogous protein to LR, whereas PhaeoRD2 is a
member of the third group. Considering its coexistence with other rhodopsin forms
from the same species, PhaeoRD2 is regarded as an auxiliary protein [92]. Charac-
terization of these fungal rhodopsins heterogeneously expressed in P. pastoris
suggested that both pigments exhibit fast photocycles that are characteristic of
H+-pump-type rhodopsins [92].
Acetabularia rhodopsin (AR) is another eukaryotic H+-pump found in the giant
unicellular marine green alga Acetabularia acetabulum [93]. Acetabularia acetabu-
lum, which is also known as the “Mermaid’s Wineglass”, is an extremely interesting
organism in terms of morphology because this unicell exhibits a unique complex life
cycle comprising several distinct developmental phases [94]. In 2004, Mandoli et al.
first reported the cDNA sequence of a fragmented possible opsin-encoding gene
Figure 1.
Phylogenetic tree of microbial rhodopsins. RpActR represents ActR from actinobacterium Rhodoluna
planktonica strain MWH-Dar1.
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(aop) from juvenile Acetabularia. Subsequently, Hegemann et al. succeeded in
cloning full-length opsin cDNA from this alga [93]. They heterogeneously
expressed AR proteins in the membrane of Xenopus laevis oocytes and characterized
the electrophysiological properties of this protein. Through a series of experiments,
they demonstrated that AR is an outward light-driven H+ pump [93]. Moreover,
Jung et al. successively recloned two opsin genes from juvenile Acetabularia, which
slightly differed from the gene cloned by Hegemann et al. The two AR homologs
identified by them were named Acetabularia rhodopsin I and II (ARI and ARII, also
abbreviated as Ace1 and Ace2, respectively) [95, 96]. Thus, two types of H+-pumps
from eukaryotic microorganisms are currently known: fungal and algal H+-pumping
rhodopsins (Figure 1).
3. Proton translocation mechanism of microbial H+-pumping
rhodopsins: from the photochemical and proton transfer viewpoints
3.1 Proton transport of BR: a typical model of H+-pumping rhodopsins
When the molecular mechanism of microbial H+-pumping rhodopsins is con-
sidered, the scenario of proton transportation in BR is often used as a prototype.
Detailed descriptions of the H+-pumping mechanism of BR from various aspects
can be found in excellent previously published reviews (refer to relevant refs.
[32, 33, 43-48]). We present only a brief outline here.
The photocycle of BR is initiated by photoisomerization of the retinal from all-
trans to 13-cis upon formation of the K-intermediate. Then, during the transition
between four sequentially formed photoproducts, L, M, N, and O intermediates,
stepwise proton transfer reactions occur between amino acid residues buried within
the protein or aqueous phases on both the cytoplasmic (CP) and extracellular (EC)
sides. In these processes, three main groups play an essential role in proton trans-
port. One is a part of the retinal Schiff base (SB), which represents a linkage with a
specific lysine residue located at the center of the seventh helix of the protein (G-
helix) (Lys216BR, Figure 2). This portion is usually protonated in the unphotolyzed
state (protonated retinal Schiff base, PSB). The other groups are two aspartic acid
residues, Asp85BR and Asp96BR, located in the EC and CP domains, respectively, on
the C-helix. Asp85BR facilitates the first step of proton translocation upon the L–M
transition as a proton acceptor from PSB, whereas Asp96BR works as a proton donor
to deprotonated SB during M–N transition and is sequentially involved in proton
uptake from the CP bulk upon N–O transition accompanied by 13-cis-to-all-trans
retinal reisomerization. Both Asp85BR and Asp96BR are required for efficient proton
pumps because substitutions of these residues with nonionizable residues abolished
or significantly decreased H+-pumping capability [97].
A proton releasing complex (PRC) comprising several internal H2O and various
residues on the EC surface such as Tyr57BR, Arg82BR, Tyr83BR, Ser193BR, Glu194BR,
Glu204BR, and Thr205BR also participates in the proton transfer reaction of BR
[98, 99], although it is not always an indispensable component for proton pumping.
The pKa value of PRC in the H
+-releasing M-state (6) [100] divides the timing of
proton release into two patterns: at pH values above6, a proton is initially released
from PRC to the EC bulk during the L–M transition and the resultant deprotonated
PRC receives a proton from the protonated Asp85BR upon O-decay. In contrast, at
pH values below 6, the first such proton release from PRC upon M-rise does not
occur, and a proton on PRC is released late upon O-decay [101].
Two threonine residues, Thr89BR and Thr46BR, are also important, although
these residues do not belong to the series of proton transfer events due to
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nonionizable residues. Thr89BR is within the active center and includes PSB,
Asp85BR, and some water molecules [102], where this residue forms a hydrogen
bond with Asp85BR [103], indirectly contributing to the initial proton transfer from
PSB to Asp85BR during M-formation [102, 103]. In contrast, Thr46BR forms an
interhelical hydrogen bond with Asp96BR in the CP region, which is associated with
the regulation of pKa in Asp96
BR in the unphotolyzed state [104].
3.2 Common and different points on the amino-acid sequences among varying
H+-pumps
In most outward H+-pumping microbial rhodopsins identified to date, the resi-
dues corresponding to three main groups (PSB [Lys216BR as the retinal binding site],
Asp85BR, and Asp96BR) described above are highly conserved. By checking their
Figure 2.
Amino-acid alignment of various microbial H+-pumping rhodopsins. Analysis was performed using a multiple
sequence alignment program (CLUSTALW). The numbers shown in the top row represent the numbering of
amino acid residues in BR. The dotted line represents the missing residues in the determined structure. The
amino acid residues with maximum homological numbers at each position are marked with a black or gray
background depending on their numbers: The monochrome tone becomes darker as the number of homological
residues increases. Notes: cR-2, cR from Haloarcula sp. arg-2; cR-3, cR from Haloarcula vallismortis; dR-2, dR
from Haloterrigena turkmenica JCM9743; dR-3, dR from Haloterrigena thermotolerans; GPR, γ-
proteobacterium (EBAC31A08) GPR; BPR, γ-proteobacterium (Hot75m4) BPR; ActR, RpActR.
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presence, we can therefore forecast whether each protein in the microbial rhodopsin
family acts as an H+-pump like BR. Figure 2 shows a comparison between important
amino acid residues for proton transport among representative H+-pumping rhodop-
sins. As shown in this figure, almost all primal residues relevant to proton transport in
archaeal-type H+-pumps agree with the residues corresponding to BR. Similarly, both
fungal and algal H+-pumps from eukaryotes retain the residues corresponding to
Asp85BR and Asp96BR; however, a difference exists in the components of PRC in BR.
In both types of eukaryotic H+-pumps, the residue corresponding to Glu194BR of two
EC glutamates in PRC is replaced by glycine, whereas another residue corresponding
to Glu204BR is conserved. In contrast, in the eubacterial H+-pump, the residues
corresponding to Asp96BR are substituted by conservative carboxylate glutamic acid,
although there are several exceptions. Another significant aspartate corresponding to
Asp85BR is perfectly conserved, similar to other types of H+-pumps. Furthermore,
these H+-pumps lack both glutamic acids in the components of PRC: Glu194BR and
Glu204BR. Thus, a comparison of the amino acid sequences among various H+-
pumping rhodopsins can reveal the superconservation of the proton acceptor
(Asp85BR) and the diversity of the proton donor (Asp96BR) and the residues in the EC
proton releasing pathway. These differences could lead to different methods of
proton transfer among varying H+-pumps.
3.3 Photocycles of other H+-pumping rhodopsins than BR
During a single photocycle induced by the absorption of one photon, ion-pump-
type rhodopsins can transport ions as substrates. The number of photocycle turnover
under illumination, therefore, affects the amount of ions transported by these pro-
teins, in other words, the ion-pumping activity of these rhodopsins. In general, the
turnover rate of the photocycle in ion-pumping rhodopsins tends to be relatively
higher than those of photosensor-type rhodopsins to transport numerous ions per
illumination. The speed of their photocycle completion can be used to analyze the H+-
pump, in addition to actually measuring H+-pumping activity that is usually exam-
ined by measuring the photoinduced pH change in a suspension of cells expressing
these rhodopsins. Furthermore, the identification of photointermediates during the
photocycle of respective rhodopsins and the estimation of their rise/decay kinetics
together with the measurement of transient proton transfer during their photocycles
enable us to understand the timing of proton movement. Thus, detailed investigations
of the photocycles are important for understanding the H+-pumping mechanism.
Among the H+-pumping rhodopsins identified so far, the next well-
characterized proton pump following BR is GPR. In many studies, the first identi-
fied PR variant (EBAC31A08) was employed as a sample. As soon as GPR was
discovered in 2000, various spectroscopic approaches such as static and time-
resolved transient UV–visible, FTIR, and FT-Raman spectroscopies were applied to
characterize the photochemistry of this protein, as previously performed for the
research of BR [105–110]. These experimental results revealed that the photocycle
of GPR was similar to that of BR but also concomitantly contained several differ-
ences. Using the same kinetically analytical method as previously applied to the
transient absorbance data of BR, where the possibilities of parallel or branch models
were also considered [111], Váró et al. determined the photocycles of GPR at acidic
and alkaline pH values [108, 109]. Their proposed photocycle at alkaline pH (9.5) is
inaccordancewith the following scheme:GPR!K$M1!M2$N$GPR’(O)!GPR
[108]. As shown in the above scheme, one of the apparent differences from the BR
photocycle is the absence of L after K, which is thought to be probably due to
kinetic reasons. A remarkably retarded (ca. 10-100-fold slower) decay of K com-
pared with that of BR was observed in GPR [105]. Because of such slow K-decay,
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low-temperature Raman spectroscopic data presented by Fujisawa et al. demon-
strated that the chromophore structure in GPR in the K state is less distorted
compared to that of BR in the same state and is rather close to that of L in BR, which
possess a more relaxed chromophore structure [112]. Therefore, the formation of a
longer stable K state may obscure the appearance of L in the GPR along with the fast
formation of the following M-state. Another difference from BR can be observed in
the spectral characteristics of the latter photoproducts, N and GPR’(O). The N-
intermediate in PR was red-shifted with 13-cis chromophore retinal [105, 108] and
resembled O in BR with respect to the absorption maxima. In addition, the GPR’
intermediate had all-trans retinal chromophores similar to O in BR; however, its
λmax was very close to that of the original pigment. Friedrich et al. also determined
the photocycle of GPR under both acidic (pH 5) and alkaline (pH 10) conditions
based on a global fitting analysis (sequential irreversible model) for flash photolysis
data [106]. In the latter half of the photocycle scheme proposed by them, after an
equilibrium of M and a red-shifted O (λmax = 580 nm) was produced, an equilibrium
of N with a spectral property similar to that of the original pigment (λmax = 530 nm)
and O appeared [106]. Hence, if it is assumed that O and N in their scheme agree
with N and GPR’ in Váró’s scheme, respectively, both schemes are compatible. The
rate of photocycle turnover in GPR was fast (<several hundreds of milliseconds),
although it was somewhat slower than that of BR (<several tens of milliseconds). In
contrast, the photocycle of another type of PR, BPR, was slower by an order of
magnitude than that of GPR [113]. The possibility of using BPR as a photosensor has
been advocated, although its physiological role is still debated [113].
The photocycles of other eubacterial H+-pumping rhodopsins, including XR,
GR, ESR, and ActR, were also investigated by time-resolved absorption spectros-
copy [80, 83, 114–116]. Their photocycles go through the K, L, M, N, and O states,
similar to BR or GPR. For many eubacterial H+-pumps including GPR, structural
information obtained by multiple approaches such as X-ray crystallography, NMR,
and atomic force microscopy has also been reported [117–123], providing structural
insights into their photochemistry.
Recent genome analysis revealed that numerous eukaryotic fungi possess
rhodopsin-like protein-encoding genes (RDs) and opsin-related genes (ORPs) [124].
Nevertheless, unlike archaeal or bacterial H+-pumping rhodopsins, reports on the
photochemistry of eukaryotic H+-pumps are extremely limited because the protein
expression in Pichia pastoris has been established only for a few fungal rhodopsins such
as NR and LR. Meanwhile, several studies on the photochemical characterization of LR
and its analogous protein PhaeoRD1 using visible and infrared spectroscopic tech-
niques have been published [91, 92, 125–128]. These reports revealed that their
photocycles include the K, L, M, N, and O states, similar to the BR photocycle [91, 92].
For two algal H+-pumps, ARI and ARII, the establishment of a large-scale sample
preparation method using a unique Escherichia coli cell-free membrane-protein
production system developed by Shimono et al. [129] allowed the detailed elucida-
tion of the spectroscopic and structural features of these proteins [96, 130–133].
Through global fitting analysis for time-dependent absorption changes based on a
sequential irreversible model, we determined that the photocycles for ARI and ARII
at near-neutral pH values can be represented by ARI! K$L$M$N$O!ARI’!
ARI and ARII!K ! L$M$N$O ! ARII’ ! ARII, respectively, which are very
similar to the BR photocycle [130, 131]. However, the formation of a long M-N-O
quasi-equilibrium was observed in both the photocycles of both AR proteins
[130, 131], which is characteristic of these ARs. This indicates the presence of
pronounced reverse reactions between M, N, and O in the photocycles of ARI and
ARII. Although similar N–M or O–N back reactions also exist in BR, the rates of
these reactions in BR are not significantly higher than those of ARI and ARII. The
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existence of prompt back reactions could hamper the fast turnover of the
photocycle in these rhodopsins, thereby reducing H+-pumping efficiency. However,
a significantly faster O-rise and the irreversibility of the transitions from O to ARII’
(a precursor of ARII) and from ARII’ to the original state were observed during the
photocycle of ARII [130]. Owing to these kinetic properties, the overall photocycle
of ARII is a forward reaction, which may result in a turnover rate (<100 ms at
neutral pH) that is comparable to that of BR [130]. In contrast, the photocycle
turnover of ARI was approximately 10-fold slower than that of ARII [131]. This may
be attributed to slower decay of O and ARI’ in the second half of the photocycle in
ARI compared to the decay of O and ARII’ in the photocycle of ARII.
3.4 Initial proton transfer from PSB to the proton acceptor, aspartate, upon
L–M transition: the most crucial step for proton transport
As described above, the proton acceptor residue from PSB corresponding to
Asp85BR is superconserved in all H+-pump-type rhodopsins, suggesting the signifi-
cance of this residue in the proton pumping mechanism. The negative charge of
deprotonated Asp85BR interacts with another deprotonated aspartate Asp212BR and
three water molecules through hydrogen bonds, forming a pentagonal cluster that
electrostatically stabilizes two positive charges of PSB and Arg82BR [47]. The same
cluster structure has also been observed in H+-pumping rhodopsins other than BR
[22, 131]. In this sense, two aspartates also play an important role in counterions to
PSB, in which Asp85BR and Asp212BR are referred to as primary and secondary
counterions, respectively. The aspartate residue, which is the proton acceptor, is
deprotonated in the unphotolyzed state under physiological conditions. At pH
values below the pKa of the proton acceptor in the resting state, where this residue
takes the protonated form, initial proton migration from PSB does not occur; thus,
the formation of the M state with deprotonated SB is not observed and H+-pumping
activity vanishes. The pKa of the proton acceptor in the unphotolyzed state, there-
fore, tends to adopt as low a value as possible, for example, ca. 2.5 for Asp85BR
[134]. Asp85BR is conjugated with PRC located on the EC surface, which contributes
to the retention of its low pKa in the dark state [45, 134].
In contrast, the pKa values of proton acceptor residues in eubacterial H
+-pumps
tend to be relatively higher, for example, approx. 7-7.5 for GPR [105, 106, 109, 113],
7.8 (or 6.2) for BPR [113], 6.0 for XR [135], 4.5 for GR [136], 6.0 for ESR [137], and
5.8 for ActR [116]. Such high pKa values in these pigments are thought to be associ-
ated with physiological pH conditions of the hosting bacteria possessing these rho-
dopsins; because the habitat of bacteria containing PR-like proteins (e.g., sea water,
freshwater, etc.) usually has near-neutral or weakly alkaline pH conditions (approx.
pH 6.5-8.5) that are above the pKa values of the proton acceptors in the dark state, the
proton acceptors of these H+-pumps can adopt the deprotonated form to work as
proton pumps. The elevated pKa values of the proton acceptors in eubacterial-type
H+-pumps may be due to the absence of two EC glutamates corresponding to
Glu194BR and Glu204BR and the repositioning of an arginine residue (corresponding
to Arg82BR) located within the pentagonal cluster in the EC channel [138]. Moreover,
in GPR, it was clarified that a highly conserved histidine residue His75GPR among
bacterial H+-pumps that is adjacent to the proton acceptor Asp97GPR contributes to
the adjustment of the higher pKa of Asp97
GPR in the unphotolyzed state because the
mutation of this residue significantly decreases the pKa of Asp97
GPR [139]. The
replacement of the corresponding histidine residues in other eubacterial H+-pumps,
however, did not cause such a large change in the pKa of their proton acceptor
residues [136, 137], implying that the above-mentioned pKa modulation mechanism
through histidine is not common in all eubacterial-type H+-pumps.
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The primary and secondary counterions (corresponding to Asp85BR and
Asp212BR, respectively) are located near and arranged symmetrically around the
PSB, resulting in forming a part of the proton acceptor cluster. The secondary
counterion is also deprotonated like the primary counterion (proton acceptor)
because the pKa of this residue in the resting state usually takes a further lower
value compared to the primary counterion. Nevertheless, a proton of PSB is always
transferred to the primary counterion at the photoproduct rather than the second-
ary counterion. How should this proton transfer mechanism be considered? In the
case of BR, it is thought that upon L–M transition, the pKa of PSB is lowered from a
value above 13 in the dark state to a value below 3, which is near the pKa (2.5
[134]) of Asp85BR in the same state. In contrast, the pKa of Asp85
BR simultaneously
increases to a value of at least 8.5 approximately at this time (the first increase in the
pKa of Asp85
BR) [140]. Thus, the pKa values between PSB and Asp85
BR are
reversed, giving rise to a one-way proton movement from PSB to the deprotonated
Asp85BR. Then, the pKa of Asp85
BR finally increases to above 10 in the M-state,
thus allowing it to maintain its protonated state until the end of the photocycle (a
second increase in the pKa of Asp85
BR) [140]. The second increase in the pKa of
Asp85BR upon M-formation is thought to be triggered by the disruption of the
electrostatic interaction between the negatively charged Asp85BR and the positively
charged Arg82BR in PRC, which is caused by the protonation of Asp85BR and the
accompanying deprotonation of PRC (initial proton release from PRC) during this
process [140].
In contrast, a question that could arise would be how pKa regulation in the
proton acceptors of PR-like eubacterial H+-pumps lacking their coupled PRC is
achieved. Although there is no experimental evidence, we may presume that a
similar pKa inversion between PSB and its proton acceptor (Asp97
GPR) in BR occurs
upon the formation of M in GPR; the pKa of PSB decreases from >  11 in the
unphotolyzed state [141] to 3 upon M-rise, resulting in it being lower than the pKa
of Asp97GPR in the dark state (7-7.5). The possibility of an increase in the pKa of
Asp97GPR in the M-state similar to BR has also been reported [142]. FTIR data in
DMPC-reconstituted vesicles revealed that the origin of the first proton release
upon M-rise observed in GPR under alkaline conditions (pH 9.5) is not Asp97GPR,
which is protonated during this transition [142]. This observation implies that the
pKa of Asp97
GPR at M is above 9.5. Why is the photoinduced pKa increase in
Asp97GPR caused by the absence of a BR-like interaction with PRC? Although the
reason is still unclear, an alternative interaction with neighboring His75GPR [143]
may work instead of the PRC, which is missing in GPR.
Through low-temperature FTIR experiments, it was suggested that PSB forms a
stronger hydrogen bond with Asp227GPR rather than Asp97GPR within the pentago-
nal cluster around PSB upon K-formation [144]. In addition to this observation, the
pKa of Asp227
GPR in the unphotolyzed state was estimated to be approximately 2.6
or 3.0 [141, 145]. Hence, we cannot exclude the possibility that Asp227GPR receives
a proton from PSB at the photoproduct under such low pH conditions (3 < pH
< 7), where Asp97GPR and Asp227GPR are protonated and deprotonated at the
resting state, respectively. Our experimental data using a rapid time-resolved pH-
sensitive electrode method (described later with the details of this experimental
method), however, showed that the pKa of Asp227
GPR may further decrease from
3 at the dark state to 2.3 at the photolyzed state [145]. This possible pKa decrease
in Asp227GPR at the photoproduct might hinder its proton acceptance from the PSB.
Even though Asp227GPR can transiently receive a proton from PSB, the proton
might be immediately released to other dissociable residue(s) or internal waters.
Interestingly, the computational calculations performed by Bondar et al. suggested
that among three possible pathways of proton transfer from PSB to Asp85BR, that is,
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1) a direct pathway to Asp85BR on the Thr89BR side of the retinal, 2) a proton wire
through Thr89BR, and 3) a proton transfer pathway via Asp212BR, the energy barrier
of the third proton transfer pathway was the smallest [146]. Thus, a similar photo-
induced pKa decrease in the second counterion to GPR occurs even in other H
+-
pumping rhodopsins, including BR, and might play a role in the initial proton
movement from PSB to its proton acceptor upon light activation of these pigments.
Further studies are required to clarify the roles of this mechanism.
3.5 Diverse proton transfer occurring on the CP side
Following the EC proton transfer in the first half of the photocycle, the CP
proton transfer events via the SB proton donor in the second half of the photocycle
after M-decay are the next critical steps. The proton transfer mechanism at this
stage varies among the three types of H+-pumping rhodopsins—archaeal, bacterial,
and eukaryotic. In the latter half of the BR photocycle, the deprotonated SB first
accepts a proton from its proton donor, Asp96BR, located in the CP channel during
the M–N transition. The pKa of SB in this reprotonation process was estimated to be
approximately 8 [147]. In contrast, the pKa of Asp96
BR is maintained at a higher
value (>  11) through an interhelical hydrogen bond with Thr46BR on the B-helix
[148]. Therefore, the pKa of Asp96
BR needs to be lower than the pKa value (8) of
SB to release a proton toward deprotonated SB, from >  11 at the initial state to
7-7.5 [149, 150]. This pKa decrease is caused by the entry of water with the
opening of the intracellular segment via the outward tilt of the F-helix at the
M-state, leading to the internal hydration of the CP region. The inflow water
breaks the interaction between Asp96BR and Thr46BR, facilitating hydrogen
bonding rearrangement so that Asp96BR forms a new interaction with neighboring
water chains [151]. Then, during the following N–O transition, the pKa value of
Asp96BR increases again and finally reaches a higher value (>  11) close to one in
the dark state. Therefore, Asp96BR can capture a proton from the CP medium to
reprotonate.
As described above, in GPR, the residue corresponding to Asp96BR is the con-
servative carboxylate, Glu108GPR. This residue can function as a proton donor to
SB; however, the proton movement from Glu108GPR to SB and the subsequent
reprotonation of Glu108GPR from the CP bulk are indistinguishable, unlike BR; two
sequential proton transfer events in the CP channel concurrently take place upon
the M–N transition [105]. The difference in CP proton migration in eubacterial H+-
pumps, including PR from BR, seems to be related to the difference in the environ-
ment around the proton donor in the intracellular part of the protein between them.
In many eubacterial H+-pumping rhodopsins, the interhelical hydrogen bonding
pair corresponding to the Asp-Thr interaction in BR is replaced by the Glu-Ser
interaction. The X-ray crystal structure of XR in the dark state revealed that the
proton donor (Glu107XR) in the CP channel connects to the peptide carbonyl of the
lysine residue (Lys240XR) in SB; therefore, the CP H-bonded chain via water is
already formed in the unphotolyzed state [118]. Thus, the difference in the CP
proton transfer scheme from BR may be due to the formation of the hydrophilic CP
pathway in eubacterial H+-pumps.
We also observed a further interesting characteristic in the CP proton transfer of
the PR-like H+-pump ESR. The residue positioned at the site of the proton donor in
ESR is the cationic residue Lys96ESR (see Figure 2). Nevertheless, Lys96ESR seems to
be involved in the CP proton transfer from the intracellular aqueous space to the
inner deprotonated SB because the replacement of this residue by other
nonionizable residues resulted in a significant delay of the M-intermediate [114].
This observation exploded a conventional concept, the so-called carboxyl rule, that
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the functional proton-donating residue is confined to two carboxylates (Asp or
Glu). Some distinct structural features of BR can be observed in the X-ray crystal
structure of the ESR. One of the differences is the presence of a cavity around
Lys96ESR located close to the CP bulk media [122]. Although Lys96ESR is surrounded
by hydrophobic residues in the CP channel in the dark state similar to BR, the cavity
in the vicinity of Lys96ESR is separated only by a polar side chain of Thr43ESR
(corresponding to Phe42BR), in contrast to BR, whose proton donor residue is
completely separated from the CP bulk solvent by a hydrophobic barrier composed
of multiple hydrophobic residues including Phe42BR [122]. Connectivity with the
CP bulk facilitates direct access of the protons from the CP solvent in Lys96ESR.
Another difference is the flexibility of the side chain of Lys96ESR, which may
allow the smooth repositioning of this residue by donating to SB and
reprotonation. Given that these structural properties are present in the CP region
together with the time-resolved spectroscopic data using D2O, it may be plausible
that the CP proton transfer scheme in ESR is as follows [114]: Lys96ESR adopts an
unprotonated form at the resting state to be buried within the hydrophobic CP
region. Upon M-decay, Lys96ESR transiently catches a proton from the CP bulk
solvent (at M1$M2), and then, a little later, it donates a proton to SB (at M2$N1).
Hence, Lys96ESR acts as a residue facilitating proton delivery from the CP bulk to
the SB, which is an apparently different proton donating mechanism from the
conventional one.
Another unique example of CP proton transfer was found in two types of gram-
negative rod-shaped Proteobacteria in soil: Pseudomonas putida rhodopsin (PspR)
from Pseudomonas putida and Pantoea ananatis rhodopsin (PaR) from Pantoea
ananatis, a plant pathogen [152]. The notable properties of these types of rhodop-
sins are the replacement of the residue corresponding to Asp96BR with nonionizable
glycine and the presence of a specific histidine at the position corresponding to
Thr46BR. This histidine residue is highly conserved in a member of this group and is
assumed to constitute a part of a proton-donating complex [152]. However, it was
observed that the rate of M-decay linearly depends on the proton concentration of
the medium in a homologous protein in the same group [153], implying that the
histidine forms a CP conductive channel rather than a proton-donating complex to
enable rapid proton movement from the CP surface. Identification of the role of this
unique histidine requires further study.
Among eukaryotic H+-pumps, both fungal and algal H+-pumps possess the same
proton donor aspartate residue as BR. For two algal H+-pump homologs ARI and
ARII, however, the residue corresponding to Thr46BR is replaced by asparagine,
which may cause different interactions with the proton donor and its pKa regulation
from BR and fungal-type rhodopsins. Our experimental data indeed revealed that
the pKa values of their proton donors (Asp100
ARI and Asp92ARII) in H+-uptake (N-
O transition) are 6 (Figure 3D), which is ca. 1-1.5 units lower than that of BR
(7-7.5) [130]. In the sensor-like fungal rhodopsin NR, the residue corresponding to
Asp96BR is glutamic acid, similar to numerous eubacterial H+-pumping rhodopsins,
while the corresponding residue in the H+-pump LR is aspartic acid, similar to BR.
Interestingly, the substitution of the proton donor Asp150LR with an NR-like gluta-
mate abolished the fast H+-pumping photocycle [126, 127], implying that residues
other than native aspartate work improperly in fungal H+-pumps, even though it is
a conservative one. In contrast, the influence of Asp-Glu replacement in Asp96BR
differed depending on the experimental conditions [97, 154]. In the reconstituted
BR heterogeneously expressed in Escherichia coli, the replaced glutamate residue
fully functioned as a proton donor [97], whereas the replacement of BR in the
native membrane led to a remarkable delay in SB reprotonation [154]. In contrast to
the cases of BR or LR, the proton donating function of GPR was not lost by the
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substitution of Glu108GPR with BR and LR-like aspartate or even ESR-like lysine
(data unpublished). Therefore, the distinct mechanisms of CP proton translocation
via their proton donors and the specificity of the respective proton donors in the
Figure 3.
pKa estimation of critical residues for a proton pump by the SnO2 (or ITO) electrode method. (A) Photoinduced
voltage changes representing proton uptake/release at varying pH values [164]. Noisy and smooth curves
represent the observed and fitted curves, respectively. For fitting, we employed the following kinetic equation:
∆Voltage∝∆ Hþ½  ¼ A
kf ,u
ks,rk f ,u





ekf ,r t  eks,ut
 
, where A represents a constant
reflecting the fraction of the subpopulation photoinducing the first proton uptake followed by release and the
rate constants of the first H+-uptake and second H+-release in such a proton transfer sequence are expressed by
kf,u and ks,r, whereas B represents a constant reflecting the fraction of subpopulation inducing the opposite
sequence of proton transfer, and the rate constants of the first H+-release and second H+-uptake in that case are
expressed by kf,r, and ks,u, respectively. At pH < 9.5, where the first H
+-release cannot be obviously observed, it
was assumed that B is almost zero. In contrast, the fitting at pH > 9.5 was conducted as A = 0. Six buffer agents
with different pKa values were added to the media for experiments so that the buffering action remained
constant over a wide pH range (5 ≤ pH ≤ 11). (B) Plot of amplitude of H+-transfer versus pH. Filled and
empty circles indicate plots of strict values with theoretical regression (A and B values obtained by the above
fitting) and approximate peak values of photoinduced signals estimated by sight, respectively. These values were
plotted as relative values. A solid curve represents a curve fitted using the following equation:









, where C, pKa1, and pKa2 represent a scaling
constant for the amplitude, pKa values of Asp97
GPR, and an unidentified X-residue at the unphotolyzed state,
respectively. The idea for the derivation of the equation has been described previously [164]. (C) Plots of the
part of the second H+-uptake after initial H+-release as a function of time [162]. All values obtained at varying
pH values (◇, pH 7.1; ▽, pH 7.5; △, pH 7.9; □, pH 8.4; ○, pH 9.0) were plotted as relative values.
Continuous curves are fitting curves with single exponential eqs. (D) pH dependence of the rate constants of the
second H+-uptake (ku). Increments of ku at each pH obtained by subtraction of the minimum value at the
highest pH were plotted as relative values. Filled and empty circles represent the plots for BR and ARII,
respectively. These plots were well fitted with the Henderson–hasselbalch equation with a single pKa value.
Respective fitting curves for BR and ARII are shown using solid and broken curves. Panels A and B were
adapted with permission from Tamogami et al. [164], Biochemistry copyright 2016 American Chemical
Society, whereas panels C and D were adapted with permission from Tamogami et al. [162], Photochem.
Photobiol. Copyright 2009 the authors, journal compilation, the American Society of Photobiology.
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three types of H+-pumping rhodopsins may originate from the difference in the
environment around each proton donor in the CP channel.
3.6 Existence of two substates in the latter photoproducts of the photocycle
and the chemical and structural events occurring during the transition
between them
Among the three photointermediates M, N, and O produced in the latter
half of the photocycle in H+-pumping rhodopsins, two spectrally silent substates
are known for each photoproduct [33, 132]. Because the transitions between
these substates occur without apparent spectral changes, they are usually observed
by kinetic analysis for transient absorbance changes measured using various
spectroscopic techniques. Three critical events for proton translocation occur
during these silent transitions. As is known in BR, the first crucial event was
observed upon the transition between two successive M-states, M1 and M2, which
is accompanied by the accessibility switch of SB from the EC side to the CP side.
This switching is important for unidirectional proton transport because it causes
the conversion of the direction of proton movement from toward EC at M to
toward CP at N.
The second event occurs during the N1-to-N2 transition, where the accessibility
of the proton donor changes. In BR, the proton donor Asp96BR connects to the SB
but not the CP bulk during the M–N transition, thus hampering the misdirected
transfer of a proton of Asp96BR toward the CP solvent. Then, the connection of
Asp96BR to SB is switched toward the CP side upon the N1–N2 transition, facilitating
the reprotonation of Asp96BR from the CP surface [33, 45]. Although the detailed
mechanism of this accessibility switch upon N1–N2 transition remains incompletely
understood, even in the most well-known BR, a previous computational study by
Wang et al. proposed a model in which the further opening of the proton uptake
pathway in the CP channel, which remains closed even in the M-state with the
opening of the F-helix by the presence of a hydrophobic barrier composed of
Phe42BR and multiple other hydrophobic residues, is triggered by the deprotonation
of Asp96BR during the M–N transition, leading to the connection of Asp96BR to the
CP aqueous space [155]. In contrast, for the algal H+-pump ARII, it was presumed
that the change in the unique interhelical interaction between Asp92ARII and
Cys218ARII located in the CP domain acts as a switch for opening the gate of the CP
channel for H+-uptake [133].
In contrast to M and N, the molecular events in the O-state have not been
completely examined because the stable trapping of O produced in the latter stages
of the photocycle is difficult. In the early stages of studies on BR, Haupts et al.
hypothesized that during the N–O transition, the reisomerization of the retinal from
the 13-cis (15-anti PSB) to all-trans (15-syn PSB) form is followed by the switching of
the N-H bond of PSB from the CP (15-syn PSB) to the EC (15-anti PSB) side, the so-
called isomerization/switch/transfer (IST) model [156]. In contrast, the results of
MD simulation performed by Wang et al. supported the opposite model (SIT
model) as a more plausible scheme: the isomerization of the retinal from 13-cis
(15-syn PSB) to all-trans (15-anti PSB) is preceded by the switching of PSB from the
15-anti to 15-syn forms [157]. If the scheme corresponds to the latter model, another
substate with a 13-cis chromophore should be formed after the switching of PSB
during the N2-O transition with the thermal reisomerization of retinal. Thus, we
attempted to detect the presence of further substates. In general, the existence of
the quasi-equilibrium among M, N, and O states described above makes it difficult
to observe O. However, in the algal H+-pump ARII under acidic conditions (pH
< 5.5), N did not accumulate during the photocycle due to the presence of a rapid
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back reaction between M and N and the acceleration of proton uptake upon the
following N–O transition under these conditions, resulting in notable observation of
O [132]. Through kinetic analysis of time-resolved absorbance changes under these
conditions, we succeeded in detecting two spectral analogous O-intermediates (O1
and O2) [132]. As the O1–O2 transition was accompanied by a faint but obvious
red-shift of the absorption maximum, we assumed that the 13-cis-to-all-trans retinal
isomerization occurs during the O1–O2 transition after the switching of PSB upon
the N2–O1 transition based on the model proposed by Wang et al. [157]: O1 is a
precursor before the formation of O (O2) with a twisted all-trans chromophore
retinal. In previous studies on BR, it was reported that the steric contact of Lue93BR
with the 13-methyl group of retinal is significant for facilitated retinal
reisomerization during this transition [158]. The residue corresponding to this leu-
cine is almost completely conserved among all microbial rhodopsins (see Figure 2),
implying that the mechanism described above is common in the microbial
rhodopsin family.
3.7 Role of PRC formed on the EC surface
As described above, PRC located on the EC surface is not necessarily indispens-
able for proton pumping because of the presence of a PRC-deficient type (eubacte-
rial or eukaryotic) H+-pumping rhodopsins, although PRC alters the timing of
proton release during the photocycle. The replacement of either Glu194BR,
Glu204BR, or both by nonionizable residues, however, caused a delay in O-decay
with a late proton release from the protonated Asp85BR toward the EC surface as
well as the absence of the initial proton release upon the L–M transition. In addition,
when the residues corresponding to three of PRC-constituting residues (Ser193BR,
Glu194BR, and Thr205BR) in a sensory-type rhodopsin from Natronomonas
pharaonis (NpSRII) were replaced by the same residues as BR, the lifetime of O in
this triple NpSRII mutant became approximately 20-fold shorter than that of the
wild type [159]. Hence, the presence of PRC on the EC surface may be involved in
not only the early proton release toward the EC aqueous phase during the
photocycle but also in the formation of a hydrophilic proton conductive pathway in
the EC channel, which contributes to efficient proton translocation. In contrast, as
observed in the X-ray crystal structure of ESR, there may be a cavity for the proton
releasing pathway that already connects to the EC bulk solvent at the resting state in
eubacterial H+-pumping rhodopsins without PRC. Thus, in the EC domain of these
H+-pumping rhodopsins, a hydrophilic pathway may be formed in a different
manner from archaeal H+-pumps, participating in facilitated proton movement on
the EC side.
3.8 Importance of the method for pKa estimation of crucial residues involved in
proton transfer
As described previously, sequential proton transfer events during the
photocycles in various microbial H+-pumping rhodopsins, including BR, are
successfully accomplished by regulating rigorous pKa changes among the crucial
residues (particularly, PSB (or deprotonated SB), its proton acceptor, donor, and
known or unknown proton-releasing residue(s)) related to proton translocation.
The estimation of the pKa values of these residues in both unphotolyzed and pho-
tolyzed states, therefore, provides important clues for understanding the proton
transfer mechanism in these H+-pumps. Such pKa values can be indirectly estimated
using spectroscopic approaches, such as FTIR or NMR. However, the establishment
of a more direct method for pKa estimation is preferable, which can be achieved by
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measuring the photoinduced proton exchange between the protein and media
(proton uptake/release) arising as a result of proton transfer events during the
photocycle at varying pH values.
As a method for measuring proton movement transiently occurring during the
photocycles of these pigments, the conventional method of using various pH-
indicator dyes is frequently employed [44]. This method is highly time-resolved
because the transient pH changes of the media with photoinduced proton uptake
and release in rhodopsins are monitored based on the real-time transient absor-
bance changes of these pH-sensitive dyes in the sample suspension. The use of this
method, therefore, enables us to precisely identify the timing of proton uptake and
release together with the rise and decay kinetics of photoproducts. However, the pH
range for measurement is confined to the pH values around its pKa; therefore, pKa
estimation using this method is difficult. In contrast, another method using a tin
oxide (SnO2 or indium-tin oxide, ITO) transparent electrode [160–163] is also
highly pH-sensitive and rapidly time-resolved, although the applicable time period
is limited within the time scale from several ten to hundred microseconds to hun-
dreds of milliseconds [162, 164]. Moreover, this method can detect small pH
changes with photoinduced proton uptake and release in the vicinity of a protein-
attached electrode as a sufficiently large amplitude of voltage changes, even in
solutions containing a small amount of buffer agents. Based on these advantages, we
applied this method to the pKa estimation in H
+-pumps from three biological king-
doms, BR, GPR, and ARII [130, 162, 164]. The pKa estimation was performed in two
ways. One method estimates the pKa value from the pH dependence of the magni-
tude of voltage changes, reflecting proton uptake and release. Figure 3A shows the
photoinduced transient proton transfers in GPR at varying pH values, where the
upward and downward shifts represent proton release and uptake, respectively.
Because the peak time and magnitude of these data depend on both the on- and off-
time constants, the fraction of the subpopulation inducing proton uptake or release
at the respective pH values is estimated by fitting with the kinetically derived
theoretical equation. Figure 3B shows the plots of the values estimated from the
above fitting analysis as a function of pH. From further fitting analysis for these
plots with an equation developed based on the Henderson–Hasselbalch theory, we
succeeded in estimating the pKa values of some residues associated with photoin-
duced proton transfer events in GPR [164]. In contrast, the direct plots of ampli-
tudes of light-induced proton transfer signals without strict regression described
above, which are approximately proportional to the amount of proton transfer, also
exhibited similar pH-dependent behavior, although these plots include some error.
Therefore, such plotting may be useful as a method for simply estimating the
approximate pKa values. Another method estimates the pKa values from the pH
dependence of the kinetics of photoinduced proton uptake or release. Figure 3C
shows the pH-dependent changes in the traces of the part representing the latter
proton uptake following the initial release of a proton in BR in the pH range of 6.5
9.5. The fitting for these traces with a single exponential equation (solid curves in
this figure) gave the rate constant values of proton uptake at the respective pH
values. Similarly, the estimated values of the rate constant at each pH were plotted
against pH (Figure 3D), and sequentially, the pKa values of Asp96
BR in H+-uptake
(N-O transition) were estimated using the Henderson–Hasselbalch Equation [162].
All other BR values estimated by these methods were consistent with the
corresponding values previously estimated using other experimental approaches
[45] (also see Figure 4B). Therefore, this method for estimating the pKa values of
some crucial residues for proton pumping, which is an index of proton pumping
efficiency, may be a powerful and effective tool for screening efficient H+-pumps or
their engineered mutants for optogenetics.
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Figure 4.
Schematic representation of the photocycle and accompanying proton transfer of three types of H+-pumping
rhodopsins. (A) Schematic diagram of the photochemistry of BR. The stepwise proton transfer reactions are
depicted by thin blue arrows and overlaid on the crystal structure of BR at the dark state (PDB 1c3w). The
timing of H+-release differs depending on pH values. The expected configuration changes of chromophore retinal
(RET) and PSB in each photocycle intermediate are also depicted. (B) Summary of pKa changes in the residues
participating in the proton transfer reactions during the photocycle. A transient pKa increase and decrease of
respective residues upon each transition are shown in upward and downward thin arrows. The reverse of pKa
values between two adjacent residues leads to a unidirectional proton movement from a (protonated) residue
with a lowered pKa value to another (unprotonated) residue with an elevated pKa value. Such proton
migrations are expressed in thick blue arrows. The values in parentheses represent our previous estimated pKa
values by the SnO2 electrode method [162]. (C) Schematic diagram of the photochemistry of a eubacterial H
+-
pump GPR. The proton transfer reactions are the case in the pH region below ca. 9.5. H-X represents an
unidentified residue whose deprotonation at the initial state induces the formation of another parallel
photocycle via a different M-like state (Ma) from normal M and early proton release [164]. (D) Schematic
diagram of the photochemistry of a eukaryotic H+-pump ARII. The timing of H+-release is divided into three
patterns depending on pH [130]: 1) an initial H+-release from an unknown Y-residue (H-Y) at pH > 10
(shown in orange arrow), 2) an initial H+-release from Glu199ARII at  7.5 < pH < 10 (shown in blue
arrow), and 3) a probably direct H+-release from Asp81ARII at the latter stage (O-ARII’ transition) of the
photocycle (shown in gray arrow). In panels C and D, the pKa values of several crucial residues for H
+-pumping
in respective rhodopsins, which were previously estimated using the SnO2 (or ITO) electrode method [130, 145,
164], are shown together.
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4. Future perspectives of H+-pumping rhodopsins as optogenetic tools
As described at the beginning of this chapter, outward H+-pumping microbial
rhodopsins can evoke stronger light-induced neural suppression and quicker recov-
ery from the inactivated state formed upon illumination than inward Cl-pump
HRs. Hence, optical neural control using H+-pumping rhodopsins may also be an
effective alternative for optogenetics, although neural inhibition with light-gated
anion channel ACRs has recently attracted attention. The rational design based on
the functional molecular basis of these rhodopsins described in this chapter may
allow the creation of “neo-type” H+-pumping microbial rhodopsins by introducing
several mutations to further enhance the effect of neural silencing upon illumina-
tion, resulting in the acceleration of the development of more efficient tools for
optogenetics along with developing color variants with various spectral properties.
Further increases in protein expression and stability in targeted neural cells could
also lead to the improvement of optogenetic tools. For this purpose, taking advan-
tage of the abundance of these H+-pumping rhodopsins, the exploration of new
microbial H+-pumping rhodopsins with novel properties (e.g., high thermal
stability [165, 166]) from nature may be useful for producing mutants.
In addition, studies on H+-pumping microbial rhodopsins are required to
develop novel optical cellular control methods because these types of pigments can
simultaneously induce alkalization of the intracellular pH by illumination-induced
outward proton transport. As is generally known, the maintenance of an appropri-
ate cellular pH is necessary to ensure that each requisite enzyme for various biolog-
ical reactions functions properly. Because the drainage of acids produced by cellular
metabolism is controlled through the Na+/H+ antiporter or the Cl/HCO3

exchanger to maintain the cellular pH near neutral, failure in these transporting
systems affects the normal function of cells. Therefore, the application of
optogenetics to cells with abnormal pH values, that is, light-induced manipulation
of the cells specifically expressing H+-pumping microbial rhodopsins, may allow the
restoration of the functions of these cells. As an example of intracellular pH regula-
tion by optogenetics, Matsui et al. reported that the photoinduced intracellular pH
increase in glial cells expressing aR-3 (Arch) suppressed the release of glutamate
from these cells, which was triggered by glial acidosis upon brain ischemia, thereby
ameliorating the effects of ischemic brain damage [167]. Moreover, the optical
regulation of the function of varying organelles expressing H+-pumping rhodopsins
has recently been attempted. Rost et al. demonstrated that selective Arch expression
on synaptic vesicles together with a pH-sensitive indicator and successive illumina-
tion led to vesicular acidification via Arch instead of vacuolar-type H+-ATPases (V-
ATPases), enabling neurotransmitter accumulation within synaptic vesicles driven
by the proton motive force (PMF) generated through light-activated Arch [168]. In
addition, Hara et al. achieved dR-2-mediated optical partial suppression of cell
death induced by the inhibition of respiratory PMF generation in the mitochondria
of mammalian cells [169]. More recently, a method for topological inversion of
microbial rhodopsins as optogenetic tools was also developed [170]. Hence, the
application of this technique together with the use of recently discovered natural
inward H+-pumping rhodopsins [171, 172] as optogenetic tools may allow the
induction of both light-activated acidification and alkalization in various types of
cells or organelles such as mitochondria, vesicles, and lysosomes. Hence, the com-
bination of an outward H+-pumping rhodopsin and the topological reversal tech-
nique described above may allow various types of optogenetics. For instance, the
use of outward H+-pumping rhodopsin might lead to the following optogenetics: in
general, the pH values of lysosomes in normal cells are regulated to be approxi-
mately 5, whereas those of lysosomes in cancer cells with acquired resistance to
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carcinostatic agents tend to be lower [173, 174]. The efficacy of carcinostatic agents
for these cancer cells is degraded because they get trapped in acidified organelles;
therefore, specific expression of H+-pumping rhodopsins in lysosomes of drug-
resistant cancer cells and optical pH control (photoinduced alkalization) of these
cellular organelles might lead to the restoration of the original effect of drugs. Thus,
optogenetics using H+-pumping microbial rhodopsins may lead to the establishment
of new optical therapies in the future.
5. Conclusion
Proton pump-type microbial rhodopsins are not only effective neural suppres-
sors but also optical tools for pH control of various cells or organelles that specifi-
cally incorporate these pigments, which makes them a dual optogenetic tool.
Rational protein engineering based on molecular mechanisms is required to further
develop these rhodopsins into more effective tools. Considering the photochemical
reaction and accompanying proton transfer mechanism in various H+-pumping
rhodopsins described previously, mutations that increase their photocycle kinetics
may be effective for enhancing the respective H+-pumping abilities. To increase
their H+-pumping efficiency via their photocycles, for example, a mutation that
lowers the pKa values of proton acceptors in the unphotolyzed state, which
increases the population with H+-pumping activity, may be effective. Alternatively,
alterations that lead to a reduction in the pKa of the proton donor upon M–N
transition (donor-to-SB H+-transfer) and to an increase in its pKa value upon N–O
transition (H+-uptake) may be efficacious for promoting CP-side proton transfer. In
addition, the introduction of PRC-forming residues on the EC surface may facilitate
EC proton transfer. While screening for more effective tools among such designed
mutants based on their molecular mechanism, the SnO2 (ITO) electrode method
could be a simple and efficient tool for estimating the pKa values of critical residues
for proton pumps, which is an index of proton pumping effectiveness. Thus,
through a series of investigations on H+-pumping rhodopsins based on molecular
mechanisms, novel optogenetic H+-pumping rhodopsins could be developed in the
near future.
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